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Abstract Beech wood (Fagus sylvatica L.) was modified with 1,3-dimethylol-4,5-
dihydroxyethyleneurea (DMDHEU). The equilibrium moisture content (EMC) of
wood modified with DMDHEU calculated on a dry modified basis is reduced.
Previous results have shown that the modification with DMDHEU does not alter
the capillary condensation; therefore, the reduction in EMC seems exaggerated.
The equilibrium constants of the Hailwood–Horrobin model (Kd and Kh) and the
molecular weight of a hypothetical polymer of modified wood capable of adsorbing
one molecule of water (Wi) were calculated from the EMC on a dry modified wood
basis (M) and on a dry wood basis (MR). The hypothetical polymer was also cal-
culated by stoichiometry (Wc) and compared to Wi to estimate the number of
operative OH groups. The number of operative OH groups decreased when M was
used, in contradiction with the previously obtained results of differential heat of
adsorption (DHs). Therefore, the use of MR is recommended for the analysis of
moisture sorption in wood modified with DMDHEU.
Introduction
The cell wall of wood is composed of a matrix of lignin, cellulose and
hemicelluloses that interacts to moisture in a way comparable to a gel. The voids
within the cell wall are accessible to water molecules and the matrix expands to a
maximum when the relative humidity (RH) reaches 100%. The total dissolution is
prevented by the bonds that hold the cell wall together (Tarkow et al. 1966; Stone
and Scallan 1968). Moisture is sorbed in wood due to two characteristics: (1) it is
hygroscopic due to the OH groups present in the wood polymers; (2) its pores
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decrease the vapor pressure of water, causing the condensation of water vapor (Hill
2006).
On the one hand, adsorption is an exothermic reaction that occurs between an
adsorbate and an adsorbent, e.g., water and wood, respectively. The reaction usually
involves one layer of water molecules, but it can grow up to ten layers. On the other
hand, absorption in wood is the increase in moisture content as a result of surface
tension forces that exist in the pores. The energy required to evaporate absorbed
water is only slightly higher than that required to evaporate free water (Stamm
1964).
The fiber saturation point (FSP) is the moisture content at which the lumen is free
of water and the cell wall is completely water saturated, which occurs at 100% RH.
Further increment of moisture content consists in free water contained in wood
voids. Therefore, it does not affect the mechanical properties of wood. Notwith-
standing its importance, there are several methods to estimate FSP in wood and not
all of them are comparable (Hill 2008). Moreover, the determination of FSP in
chemically modified wood has to consider both the incorporated chemical itself and
its effects on the moisture sorption properties of wood.
The modification of wood with 1,3-dimethylol-4,5-dihydroxyethyleneurea
(DMDHEU) affects both the pore size and the hygroscopicity of wood (Dieste
et al. 2008, 2009). DMDHEU fills the voids of the cell wall, producing a permanent
enlargement of the cell wall (bulking), which reduces the accessibility of water
molecules to adsorption sites. The DMDHEU molecule itself, which molecular
weight is composed of up to 39% of OH groups, is a hygroscopic substance. After
the reaction of wood and DMDHEU, two alternatives are possible: polyconden-
sation and cross-linking; both produce molecules that consist of 26 and 24% OH
groups, respectively (Petersen 1968). Papadopoulos and Hill (2003) have shown that
in wood modified with anhydrides the reduction of equilibrium moisture content
(EMC) is mainly due to bulking of the cell wall, and that the OH substitution plays a
minor role. The modification of wood with DMDHEU does not reduce the number
of OH groups, like in acetylation (Hill 2008); actually, it remains constant or
increases (Dieste et al. 2008).
The hydrated wood is the bounded moisture, described as a monohydrate. A
polyhydrate layer could have been modeled, but Hailwood and Horrobin (1946)
reported that a monohydrate fitted the data sufficiently well. The absorbed water is
not bounded to the cell wall in the monomolecular layer and it includes the water
molecules loosely bonded to the cell wall in layers that superimpose to the
monomolecular layer (Hailwood and Horrobin 1946). Therefore, it is also named
the polymolecular water or the polylayer water (Hill 2008). The model considers
that the absorbed water includes the capillary condensated water, which only occurs
within certain conditions of RH, temperature and pore diameter (Table 1).
Therefore, the model does not distinguish between polymolecular adsorbed water
and capillary condensed water. The last element of the heterogeneous system is a
hypothetical polymer of dry wood that has the molecular weight to absorb one
molecule of water (Hailwood and Horrobin 1946). Inasmuch as the model is
conceptually based on a specific adsorption site, the water sorption properties are
more accurately described at EMC dominated by adsorption and not by capillary
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¼ A þ BH  CH2 ð1Þ
where H is the RH (%); M the EMC (%); and A, B, and C are the empirical
parameters (Skaar 1988).
The model permits the calculation of three fundamental equilibrium constants:
Kd and Kh, and the molecular weight of a hypothetical polymer of modified wood
capable of adsorbing one molecule of water Wi (Fig. 1). The equilibrium between
the activities of absorbed water and water vapor is described by the constant Kd, the
equilibrium between the activity of hydrated wood over the activity of dry wood and
absorbed water is described by the constant Kh, and the apparent molecular weight
of wood per sorption site is Wi (Skaar 1988). The constants are calculated using the
empirical parameters A, B, and C.
Kd ¼
50 B þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃB2 þ 4ACp 
A
ð2Þ
Kh ¼ 1 þ B








The Hailwood and Horrobin model (1946) is divided into two sub-models: one that
represents the adsorbed water (Mh) and another that describes the absorbed water
(Md).
M ¼ Mh þ Md ð5Þ
Mh ¼ 1800KdKhH
Wi 1 þ KdKhHð Þ ð6Þ
Md ¼ 1800KdH
Wi 1  KdHð Þ ð7Þ
where H is the RH (%); M the EMC (%); Mh is the proportion of EMC due to
adsorbed water or monohydrate (%); Md is the proportion of EMC due the absorbed
water (%); Kd, Kh and Wi are the fundamental constants defined above (Skaar 1988).
Table 1 Capillary
condensation of water at 25C,
including relative humidity
(RH), pore diameter and the
number of water molecules that
fit in such a pore
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The calculation of EMC for modified wood is normally done on the dry modified
wood basis, according to the following equation:
M ¼ m2  m1
m1
 100 ð8Þ
where M is the EMC (%); m1 is the oven-dry weight of the specimen after
modification (g); m2 is the weight of the specimen after modification in equilibrium
with the given RH (g).
The calculation of EMC based on the sum of dry wood and DMDHEU (M) is
reduced by the additional weight of the chemical. In wood modified with
DMDHEU, or generally in modified wood, M is always lower than in unmodified
wood, simply due to the incorporation of the chemical, if the chemical does not
absorb more water than its own weight (Hill 2006). Therefore, if the chemical used
in the modification is not hygroscopic, like in acetylation (Hill 2008), the
calculation of EMC should be based on the dry weight of the wood before the
modification, and not on the dry weight of the modified wood (Akitsu et al. 1993),
as presented below:
MR ¼ m2  m1
m0
 100 ð9Þ
where MR is the corrected EMC (%); m0 the oven-dry weight of the specimen before
modification (g); m1 the oven-dry weight of the specimen after modification (g); m2
is the weight of the specimen after modification in equilibrium with the RH (g).
Nevertheless, M oversees the interaction between the chemical and water vapor.
DMDHEU is not inert with regard to moisture, and, therefore, the use of M could be
too simple as a model for water sorption analysis in modified wood. The use of M or
MR to calculate EMC can be considered as a matter of definition, but it is not a
trivial one. Inasmuch as DMDHEU is a hygroscopic substance, the following article
proposes an analysis of the Hailwood–Horrobin constants to elucidate which is the
best method to calculate EMC in modified wood.
Experimental
Samples of beech (Fagus sylvatica L.) were modified with DMDHEU as described
in a previous paper (Dieste et al. 2008, 2009). The data obtained in the first paper
was used to calculate the Hailwood–Horrobin equilibrium constants (Kd and Kh) and
the molecular weight of the hypothetical polymer capable to adsorb one molecule of
water (Wi) according to (2)–(4). The differential heat of adsorption (DHs) used in
Fig. 1 Physical representation
of the Hailwood–Horrobin
model
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this study was estimated by the Clausius–Clapeyron equation and by solution
calorimetry (Dieste et al. 2008). The second paper reported on the average pore
diameter of wood after the modification with DMDHEU was obtained by
thermoporosimetry (Dieste et al. 2008).
The Hailwood–Horrobin hypothetical molecular weights Wi and Wc, calculated
by the model (Eq. 4) and by stoichiometry (Table 2) (Hill and Jones 1996),
respectively, were used to estimate the proportion of inoperative OH groups (Spalt
1958) according to the following equation:
AOH ¼ Wi  Wc
Wi
 100 ð10Þ
where AOH is the proportion of inoperative OH groups (%); Wi the hypothetical
molecular weight calculated by the Hailwood–Horrobin model (g mol-1); and Wc is
the hypothetical molecular weight calculated by stoichiometry (g mol-1).
Results and discussion
The isotherms were obtained by calculating the EMC on a dry modified wood basis
(M) and on a dry wood basis (MR). The isotherms for wood modified with
DMDHEU showed a clear difference according to the calculation of EMC. When M
was used, as expected, the increase in weight due to the modification reduced both
the adsorbed (Mh) and absorbed (Md) water vapor. When MR was used, the
reduction in moisture sorption is limited, especially with regard to adsorbed water
(Mh) (Fig. 2). Therefore, it is necessary to elucidate which method to calculate EMC
is the most appropriate one.
Table 2 Number of moles of OH groups and molecular weight of wood necessary to adsorb one












Lignin 22.9 1 180 0.0013 41
Cellulose 45.9 3 162 0.0085 74
Hexosan 9.9 3 162 0.0018 16
Pentosan 21.3 2 132 0.0032 28
100.0 0.0148 160
DMDHEU 11% WPG 10.9 3 160 0.0020 17
110.9 0.0169 177
DMDHEU 18% WPG 18.1 3 160 0.0034 29
118.1 0.0182 189
DMDHEU 31% WPG 31.0 3 160 0.0058 50
131.0 0.0206 209
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There are two arguments against using M as the method to calculate EMC in
wood modified with DMDHEU: (1) the modification with DMDHEU does not
affect pore size to change the contribution of capillary condensation; (2) Kd and Kh
are the same with both calculations but Wi increases, which shows that the number
of active sorption sites decreases. This is, however, in contradiction to the
calculations of differential heat of adsorption (DHs), which show that the number of
adsorption sites increase.
Effect on the absorption behavior
The structure of the cell wall confers wood its porous characteristic, which can be
divided according to its size in macropores (microscopic voids) and micropores
(sub-microscopic voids) (Wagenfu¨hr and Wagenfu¨hr 2008). Water vapor adsorption
occurs independently of the pore size of wood; it depends on the availability of free
OH groups, particularly present in the amorphous cellulose (Niemz 1993). The
intermolecular interactions involved within the cell wall are hydrogen bonds, van
der Waals and electrostatic forces (Niemz 1993). On the contrary, water vapor is
absorbed (condensed, namely the change of phase from gas to liquid water) in the
wood pores depending on pore diameter, temperature and RH (Skaar 1988; Niemz
1993). According to the Kelvin equation (Eq. 11), capillary sorption is limited by




where r is the capillary radius (m); c the surface tension of water against air at 25C






















WPG 31% (M )
WPG 31% (M R )
Fig. 2 Hailwood–Horrobin isotherms for control and wood modified with 2.3 M DMDHEU (WPG
31%), decoupled in adsorbed, Mh (Eq. 6); absorbed, Md (Eq. 7) water. EMC was calculated on a wood
dry basis (M) and a wood and DMDHEU dry basis (MR)
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constant (8.314 J k-1 mol-1); q the density of water (g m3); p0/p the relative
pressure of water and T is the temperature (K).
The calculation of the pore radius using the Kelvin equation is only valid if the
number of molecules involved is large enough to permit water tension forces to act.
Considering that the hydrodynamic diameter of the water molecule is 0.4 nm, the
condensation of pure water at 278.15 K and at a RH of 80%, which corresponds to a
pore diameter of 9 nm, is questionable (Skaar 1988; Siau 1995) (Table 1). Inasmuch
as capillary condensation occurs in the pores of wood where the thermodynamical
properties are similar to that of free water (Stamm 1964), a pore diameter of
1.2 9 102 nm is a more plausible minimal diameter. Furthermore, the change of
phase from gas to liquid water (condensation) in pores with a diameter above
2.0 9 105 nm cannot be distinguished from free water. Therefore, the diameter
range of such pores, from now on macropores, is defined between 1.2 9 102 and
2.0 9 105 nm.
Maloney and Paulapuro (1999) defined an hypothetical limit between micropores
and macropores at 1.2 9 102 nm, which is the diameter of a pore that causes a
depression in melting temperature of -0.3C. A melting temperature closer to that
of free water (0.15C) means that the pore diameter does not affect the phase change
from ice to liquid water. Therefore, water condensates in pores that produce a
temperature depression between -0.3 and 0.15C. Any temperature depression
below -0.3C is a micropore with a diameter too small to allow capillary
condensation. Skaar (1988) defined an even higher minimum limit for capillary
condensation, namely 2.1 9 102 nm. In this study micropores are defined with a
diameter smaller than 1.2 9 102 nm, which can safely be considered the largest
interfibrillar void (Tremblay et al. 1996), and larger than 1 nm, which is the average
smallest pore between the cellulose chains (Niemz 1993).
Samples of wood treated with different concentrations of DMDHEU, measured
by thermoporosimetry, presented a temperature depression always higher than
-0.3C, which displayed that the average diameter of pores were smaller than
1.2 9 102 nm. In modified wood there was only one determination at the lowest
WPG tested of pores with diameter larger than 90 nm. The pore diameter was
1.0 9 102 nm and it was present in the wood modified with the lowest level of
DMDHEU. Pores larger than 90 nm were only detected in unmodified wood and
they had an average of 1.50 9 102 nm (Dieste et al. 2009). The treatment with
DMDHEU reduced the proportion of large pores and increased that of small pores
(Dieste et al. 2009).
Modification with DMDHEU affects the diameter of pores with a diameter below
the limit of moisture condensation (1.2 9 102 nm). The deposition of DMDHEU,
particularly at high WPG, reduces the larger voids in wood, but not to the extent to
affect the capillary condensation.
Effect on the Hailwood–Horrobin constants (Kd, Kh, and Wi)
The constants Kd and Kh of the Hailwood–Horrobin model are further evidence of
the former point. Kd remains invariable after the modification, but Kh increases,
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showing more activity in the hydrated layer. These results are independent of the
method to calculate EMC (Table 3).
The elucidation of which one is the more accurate estimation of Wi was done by
considering the composition of the cell wall after the modification with DMDHEU.
Firstly, the amount of OH groups present in the cell wall can be estimated, although
roughly, by a stoichiometry approach (Hill and Jones 1996). The same approach can
be used to estimate the number of moles of OH present in the cell wall of wood
modified with DMDHEU, which has a molecular weight of 178 g mol-1 and a
maximum of three OH groups per molecule after the reaction with the cell wall.
This approach considers that only one of the four available OH groups of the
monomer reacts with the cell wall. The proportion of DMDHEU is taken from the
WPG values, and it is added to the existent OH moles. Because of the large
proportion of OH groups present in regions inaccessible for water molecules, the
estimation is the maximum possible moles of OH groups present in wood modified
with DMDHEU (Hill 2006) (Table 3). Second, regarding the availability of OH
groups, the data discussed previously is also useful to calculate the molecular
weight of one molecule of wood which is necessary to bind one molecule of water,
Wc (Hailwood and Horrobin 1946). According to Hailwood and Horrobin (1946) the
characteristic building block in cellulose is the glucose anhydride, but wood has
more substrates for water vapor adsorption. Crystalline cellulose represents 60% of
total cellulose and most of its OH groups are blocked forming the crystal; therefore,
the OH groups of amorphous cellulose, as well as those from hemicelluloses and
lignin, are considered to be more important substrates for moisture adsorption
(Boonstra 2008). Moreover, the modification with DMDHEU includes another
possible substrate for water vapor adsorption. Consequently, the molecular weight
of an artificial hypothetical polymer composed of cellulose, lignin, hemicelluloses
based on the composition in the cell wall was estimated (Hill and Jones 1996).
DMDEHU can also be considered as a substrate for moisture adsorption in modified
wood. The modified cell wall complex is naturally a polymer with a large molecular
weight, calculated from the WPG and the molecular weight of each component
(Table 2). The estimation of the molecular weight of wood necessary to adsorb one
molecule of water by the Hailwood–Horrobin isotherms (Wi) would always be
higher than that obtained by stoichiometry (Wc). Both estimations would only be
Table 3 Fundamental constants of the Hailwood–Horrobin model







M MR M MR M MR M MR
– 0.69 0.69 6.77 6.76 246 245 160 35 35 682 329
11 0.67 0.67 7.54 7.61 272 246 177 35 28 1,345 359
18 0.71 0.71 9.29 9.11 335 283 189 44 33 1,158 453
31 0.69 0.69 11.76 11.92 371 282 209 44 26 1,728 627
Kd, Kh and Wi at 20C calculated by M and MR; apparent molecular dry weight of wood per sorption site
(Wc), calculated by stoichiometry; inoperative OH groups (AOH); and differential heat of adsorption
calculated with the Clausius–Clapeyron (-DHs*) and solution calorimetry (-DHs**)
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equal if all the possible OH groups present in the modified wood were available to
adsorb moisture (Spalt 1958).
In comparison to modification such as acetylation, DMDHEU in wood is able to
adsorb additional water molecules, indicated by an increase of OH groups in 39%.
This is the main argument to calculate EMC by M: DMDHEU is hygroscopic and,
therefore, its weight should be included in the determination of moisture content.
Notwithstanding, the fraction of operative OH groups is reduced when EMC is
calculated with M as a consequence of an increased Wi (Table 3). This contradicts
the results of differential heat of adsorption (DHs) obtained by the Clausius–
Clapeyron equation and by solution calorimetry, which indicate that the number of
adsorption sites increases (Dieste et al. 2008). At EMC below *5% there is large
release of energy, attributed to the adsorption of moisture by the DMDHEU
(Table 3). The number of operative OH groups is, therefore, increased due to the
modification; therefore, the use of M to calculate EMC overestimates Wi,
erroneously showing a large fraction of sorption sites as inoperative.
Conclusion
The modification with DMDHEU to a WPG of 31% increases the total amount of
OH groups in wood by 39%, but not all these OH groups are accessible for
moisture adsorption. The size of the molecule of wood required to adsorb one
molecule of water (Wi) increases as a function of the WPG. When EMC is
calculated by M, the number of available adsorption sites is low; on the contrary,
when EMC is calculated by MR there is an increase in the number of operative
OH groups.
Equilibrium moisture content is underestimated when it is calculated with M due
to two reasons: (1) the EMC is obviously reduced by the weight of the chemical
(WPG); (2) Wi is overestimated; even considering the high possible contribution of
OH groups by DMDHEU, a large fraction of the adsorption sites are described as
inoperative. Therefore, in agreement with Hill (2008), this study recommends that
in moisture sorption analysis the calculation of EMC for wood modified with
DMDHEU should be done using the corrected EMC (MR).
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